Abstract Models of high-temperature hydrothermal systems at intermediate-to fast-spreading mid-ocean ridges have a conductive boundary layer (CBL) separating the magmatic heat source from the convecting hydrothermal fluid. Paleo-CBLs preserved in the geological record provide a means to test theoretical models of the thermal, mechanical, and petrological evolution of this boundary. CBLs occur as metamorphic contact aureoles at or near the dike-gabbro boundary where axial magma lenses (now plutonic rocks) intruded into the basal dikes, leading to their transformation into low permeability granulite and hornblende hornfels at >800°C. Paleo-CBLs are well documented in the Troodos and Oman ophiolites, and evidence of similar lithologies has been found at every location where the dike-gabbro transition has been mapped and/or sampled in modern fast-spreading crust (Hess and Pito Deeps, IODP Hole 1256D). Evaluation of the geothermometers used in studies of the thermal evolution of the CBL shows a lack of consistency that can be understood in terms of compositional controls. Peak temperatures are >900°C in all areas at the base of the CBL, leading to partial melting, stoping, and disaggregation that facilitates thinning from below as required to maintain the high heat fluxes necessary to drive active black smoker systems. However, such thin CBLs are not the norm; steady state conditions must have thicker CBLs and smaller heat fluxes. In turn, global estimates of properties such as chemical fluxes for normal hydrothermal conditions may lead to substantially different element/heat fluxes than those based on active systems.
Introduction
The roof zone of axial magma lenses (AMLs) along the global mid-ocean ridge (MOR) system plays a significant role in the evolution of magmatic and hydrothermal systems. These systems are separated by a conductive boundary layer (CBL; also called the thermal boundary layer) across which heat is transferred from the magma to the hydrothermal fluid. The heat flux across this boundary layer controls the rate of crystallization in the AML and hence plays an important role in magma dynamics, lower crustal accretion and mid-ocean ridge basalt (MORB) differentiation. Likewise, the heat flux across the CBL controls the fluid flux into the overlying hydrothermal system. While the CBL is expected to be dynamic, evolving in response to processes such as AML replenishment and dike emplacement, theoretical models treat this boundary as a static boundary layer separating two convecting regions (Figure 1 ).
Early theoretical models of high-temperature oceanic hydrothermal systems predicted the presence of an impermeable boundary layer, separating a magmatic heat source from convecting hydrothermal fluid, across which heat is conducted (e.g., Cann et al., 1985; Lister, 1983; Lowell & Burnell, 1991) . These and other studies showed that in order to maintain a high heat flux, CBLs would need to be thin (few tens of meters), with steep thermal gradients bounded by magma temperatures at its base and ambient hydrothermal temperatures at its top (e.g., Lowell & Burnell, 1991; Lowell & Germanovich, 1994) . The CBL thickness is proportional to the heat flux across it, such that when CBLs are thin heat fluxes are high and heat fluxes diminish as the CBL thickens (e.g., Lowell & Germanovich, 1994; Lowell & Germanovich, 2004) . There is much interest in understanding the processes by which the CBL remains thin because heat flux is linked to the vigor and temperature of hydrothermal vent sites. Two general models have emerged: the first invokes a cracking front that taps heat by cracks migrating downward into the top of the CBL (e.g., Lister, 1974 Lister, , 1983 and the second requires replenishment of the magmatic heat source keeping the base of the CBL from thickening downward (e.g., Lowell & Germanovich, 1994) . It is now generally accepted that the latter model is a better representation of magma-rich environments such as fast-spreading ridges, whereas the former model may be appropriate for some magma-poor settings (Olive & Crone, 2018; Wilcock & Delaney, 1996) . More recent models have explored how hydrothermal cooling effects the evolution of AMLs and how episodic replenishment of AMLs impacts heat transfer into the hydrothermal system (e.g., Fontaine et al., 2011; Liu & Lowell, 2009 ).
The presence of CBLs at the magma-hydrothermal boundary was first confirmed by geological studies in the Troodos ophiolite where a regionally extensive, thin, metamorphic contact aureole centred at the sheeted dike-gabbro boundary was discovered (Gillis & Roberts, 1999) . With a sharp intrusive boundary at its base, previously hydrated basal sheeted dikes were recrystallized at high temperatures (>800°C) over a narrow (<30 m) distance, creating an impermeable horizon. Within a decade of these observations, thin contact aureoles and high-temperature metamorphic rocks characteristic of CBL conditions were documented along the dike-gabbro boundary in the Oman ophiolite (France et al., 2009; Gillis, 2008) and modern, fast-spreading Pacific ocean crust in the three locations where the dike-gabbro boundary has been investigated/sampled (e.g., France et al., 2009; Gillis, 2008; Koepke et al., 2008; Wilson et al., 2006) . While this distribution confirms that CBLs are a fundamental feature of accretionary processes at intermediate-to fast-spreading MORs, they are not expected to be preserved everywhere at the dike-gabbro transition. This is because paleo-CBLs typically record the last intrusive event, meaning paleo-CBL preservation would depend on the nature of the final phase of magmatism at a given location (Nicolas et al., 2008) .
Geophysical studies have also identified regions with physical properties consistent with those of CBLs in the vicinity of AMLs at intermediate-to fast-spreading MORs. These consist of~50-to 200-m thick zones with higher than expected seismic velocities immediately overlying some AMLs. The high velocities are interpreted as suggesting lower permeability than in the overlying dikes (Marjanovic et al., 2017; Singh et al., 1999) . In some places, microearthquakes appear to occur within the high velocity regions (Tolstoy et al., 2008; Waldhauser & Tolstoy, 2011) , suggesting a very thin CBL or a temporal perturbation of it. Other high velocity regions lack microearthquakes and have been interpreted as places where hydrothermal sealing has reduced crustal permeability, thickening the CBL, and thus limiting hydrothermal cooling (Arnoux et al., 2017; Weekly et al., 2014) . In other areas low-velocity zones are also observed overlying AMLs, suggesting a thin CBL (Arnoux et al., 2017; Wilcock et al., 2009) . These geophysical approaches provide a temporal snapshot of the magma-hydrothermal system, although with poor spatial resolution compared to geological studies.
In the two decades since conductive boundary layers associated with oceanic magma-hydrothermal systems were confirmed in the geological record (Gillis & Roberts, 1999) and high seismic velocity zones were geophysically imaged at the roof of the AML at a modern MOR (Singh et al., 1999) , there has been significant interest to better understand this fundamental boundary. In this contribution we review and synthesize new and published geological constraints on the thermal history and petrological evolution of CBLs preserved in metamorphic contact aureoles. With this perspective, we then examine the thermal and mechanical evolution of this dynamic boundary and the processes that control its thickness and hence the heat fluxes across it. In this context we present a conceptual model for the magmahydrothermal transition at intermediate-to fast-spreading mid-ocean ridges. The perspective taken bears on the evolution of AML magmas and their contamination by assimilation of hydrothermally altered lower dikes; however, a thorough analysis of these processes is out of the scope of this contribution. In the following text, we use the terms CBL and contact aureole as follows. We use conductive boundary layer to refer to the concept of a boundary layer between a magma chamber and hydrothermal system across which heat transport is largely conductive-of course in nature things are more complicated. Contact aureole refers to a zone of prograde metamorphic rock, with low permeability, that records a steep thermal gradient between underlying plutonic rocks and overlying hydrothermally altered dikes that formed in and around a paleo-CBL. Schematic of the simple, static, single pass model for mid-ocean ridge hydrothermal systems (e.g., Strens & Cann 1982; Lowell & Germanovich, 1994; Lowell et al., 2013) . Cold recharging fluids flow down through the permeable upper crust. Heat from the axial magma lens is conductively transported across a thin (~<50 m) conductive boundary layer into the base of the circulating hydrothermal system hosted in the sheeted dike complex. Fluids are heated, and the hot buoyant fluids ascend to the seafloor.
The Geology of the Magma-Hydrothermal Transition
Our knowledge of the geological characteristics of the magma-hydrothermal transition, and the CBL in particular, comes from field relationships along the sheeted dike-gabbro transition in ophiolites, and petrological constraints from samples from this boundary from ophiolites and young, fast-spreading ocean crust recovered by submersible and drilling (Table S1 ). The key relationships are summarized here; readers are directed to the original references for more detail.
Study Areas: Where Have Rocks From the CBL Been Found?
The best spatial constraints on the nature of the CBL come from two well studied ophiolites: the Troodos ophiolite, Cyprus, where there is a well exposed, regionally extensive (>3 km) contact aureole at the dikegabbro transition in the Platanistasa area (Gillis & Coogan, 2002; Gillis & Roberts, 1999 ; this study) and the Oman ophiolite, where three discontinuous exposures (<500-m wide) of the dike-gabbro boundary in the Wadi Tayin Massif have been studied (Wadi Gideah and Ahamadi Hills, France et al., 2009; Hiim, Gillis, 2008) . These ophiolite studies are complemented by samples from young, fast-spreading Pacific crust recovered by submersible and ROV in the vicinity of well-exposed dike-gabbro boundaries at Hess and Pito Deeps (Gillis, 2008 ; this study) and drill core from the dike-gabbro boundary at IODP Hole 1256D (France et al., 2009; Koepke et al., 2008; Teagle et al., 2006; Teagle et al., 2012; Wilson et al., 2006) . Spatial relationships in these study areas are less well constrained than for the ophiolites due to absence of detailed sampling in the tectonic exposures (Gillis, 2008) and the very low recovery (<7%) within the lowermost sheeted dikes at Hole 1256D . Indeed, in some cases it is not possible to determine if samples of recrystallized dikes come from a contact aureole or are xenoliths.
Geological Relationships Near the Magma-Hydrothermal Transition
The base of the sheeted dike complex at intermediate-to fast-spreading ridges is commonly marked by complex intrusive relationships, where in the simplest form, gabbros intrude into dikes or dikes intrude either laterally (i.e., along axis) or vertically (i.e., from deeper in the crust) into preexisting gabbros (e.g., Karson, 2002; Nicolas & Boudier, 1991; Pedersen, 1986) . Either of these simple forms may dominate on lateral length scales of tens of meters to kilometers along this boundary (e.g., Malpas, 1990; Pallister & Hopson, 1981; Pedersen, 1986; Rothery, 1983) . The uppermost plutonics (typically within~1 km of the dikes) contain xenoliths of hydrothermally altered dikes and, more rarely, other plutonic rocks. The isotopic composition of these xenoliths point to high temperature exchange with hydrothermal fluids prior to their being stoped into the AML (Gregory & Taylor, 1981; Kirchner & Gillis, 2012; Stakes & Taylor, 1992) . Xenoliths have sharp to diffuse external boundaries (Figure 2f ; see also Figures 4, 6, and 8 in France et al., 2009 ), implying they can undergo dissolution and/or partial melting. These observations are consistent with the strong overenrichment of Cl in MORB from intermediate-to fast-spreading ridges that suggests assimilation of seawaterderived components (brine inclusions, altered rocks) into the AML prior to eruption (Michael & Schilling, 1989; Michael & Cornell, 1998; le Roux et al., 2006) . The upper gabbros have compositions and textures that reflect the mixing and crystallization of mantle-derived magmas influenced by the assimilation of altered upper crust (e.g., France et al., 2013; Gillis et al., 2003; Malpas, 1990; Zhang, Koepke, France, & Godard, 2017) . Collectively, these relationships point to a dynamic boundary at the base of the CBL that reflects the waxing and waning of the magmatic system at (or near) a spreading axis.
The clearest records of the conditions within the CBL come from locations where the last magmatic event was shallow-level replenishment or intrusion, that is, where gabbros intrude into the base of the sheeted dikes (Figure 2e ). Here the lowermost dikes (±gabbros) are recrystallized into very fine grained metamorphic rocks called hornfels that are typical of contact aureoles in all geological settings. Deeper-level replenishment or intrusion can lead to hornfelsic dikes and hornfelsic gabbros within the plutonic sequence (i.e., below the sheeted dike-gabbro boundary), but the top and bottom of the associated aureoles are difficult to identify in ophiolites. In addition, contact aureoles centred at the dike-gabbro boundary may be cut by later dikes intruding either from depth or laterally, resulting in a complex juxtapositioning of hornfelsic and nonhornfelsic dikes. Hence, we focus on clear intrusive relationships where the top of the plutonics intrudes the base of the dikes (Figure 2 ).
The studied contact aureoles share many common characteristics. The thickness of hornfelsic aureoles in the Troodos and Oman ophiolites are <30 and <50 m, respectively (France et al., 2009; Gillis, 2008; Gillis & Roberts, 1999) and at Hole 1256D~60 m , although with the very low recovery this is not well constrained. Hornfelsic rocks that comprise the contact aureoles are massive and indurated (Figure 2c ), lack the cooling fractures typical of sheeted dikes (Figure 2b) , and have undergone significant grain size reduction (compare Figures 3a and 3b) . Collectively, these features indicate significantly lower permeability than found in the overlying dikes that host the hydrothermal system. Dike margins are annealed and can be swirly (Figure 2c ), in that their orientation deviates smoothly on decimeter length scales from the regional strike of the dikes. This indicates the CBL was, at least at times, ductile although there is no microscopic evidence of crystal plastic deformation. Outcrops may contain felsic lithlogies (diorite to tonalite) in the form of centimeter-scale veins, centimeter-to decimeter-scale patches to larger zones whose distribution is commonly discontinuous across an outcrop. In the Troodos ophiolite these are focused in the lower half of the aureole (Figure 2d ; see also Figure 1 in Gillis & Coogan, 2002) . Such felsic rocks are interpreted as partial melts of the surrounding rocks (e.g., France et al., 2010; Gillis & Coogan, 2002) . Their relatively coarse grain size, despite their small size, indicates the veins intruded while the host dikes were very hot. Near the upper boundaries of the aureoles, outcrops become progressively more fractured upward and samples show a decrease in the extent of recrystallization associated with prograde metamorphism, suggesting slightly higher permeability and cooler conditions. Amphibole or pyroxene veins locally cut the contact aureole, the latter being interpreted as earlier formed amphibole veins that have been recrystallized during prograde metamorphism (France et al., 2009; Gillis, 2008; Gillis & Roberts, 1999) . Amphibole veins record the cracking of the aureole and the penetration of hydrothermal fluids into the cracks prior to their sealing. In the Troodos ophiolite aureole, amphibole veins are cut by felsic veins, and vice versa. These cross-cutting relationships, and the occurrence of pyroxene veins that represent reheated amphibole veins, suggest that (i) the temperature in the aureole can vary substantially and (ii) cracking from below and partial melting of the CBL (forming felsic veins) and cracking from above (forming amphibole veins) occurred while the magmatic system was active.
Rock Types that Comprise the CBL 2.3.1. Protoliths: The Rocks that Become the CBL
Field relations show that the hornfelsic contact aureoles grade upward into the lower sheeted dikes and the hornfels closest to the upper margin of the aureoles preserve relict igneous textures identical to those in the adjacent hydrothermally altered lower dikes. These observations indicate the protoliths were hydrated dikes (± gabbros) initially altered at temperatures (~400°to 550°C), typical of alteration conditions found in the lower sheeted dike complexes and inferred for the base of hydrothermal systems beneath black smokers. This means that the rocks forming the CBL crystallized from a magma, were then hydrothermally altered (i.e., retrograde metamorphism; Figure 3a ), and were then reheated by magma advance and recrystallized to a finer grained, less hydrous mineral assemblage (i.e., prograde metamorphism). The retrograde hydrothermal metamorphic assemblages include hydrothermal amphibole + albitized plagioclase ± chlorite ± epidote ± quartz ± titanite and, only in Oman, ± prehnite ± pumpellyite (Alt et al., 2010; France et al., 2009; Gillis et al., 2001; Gillis & Roberts, 1999; Heft et al., 2008; Nehlig et al., 1994) . The degree of replacement of the igneous phases (dominantly clinopyroxene and plagioclase) is low (<25%) in the Pacific lower dike suites (Alt et al., 2010; Gillis et al., 2001; Heft et al., 2008) and much higher in the ophiolites where relict igneous clinopyroxene and plagioclase is rare (France et al., 2009; Gillis & Roberts, 1999; Nehlig et al., 1994) .
Granulite and Hornblende Hornfels: The Dominant Lithologies of the CBL
Contact metamorphism of the previously hydrothermally altered lower dikes produces a very fine grained rock that is massive and indurated with very low permeability, features consistent with a boundary layer across which heat would be conducted. Recrystallization produces two common rock types. The first is granulite hornfels, with an assemblage of clinopyroxene + plagioclase + orthopyroxene ± amphibole ± quartz + ilmenite + magnetite. This rock type is equivalent to the pyroxene hornfels of Gillis and Roberts (1999) and Gillis (2008) and the granoblastic dikes of Koepke et al. (2008) ; the name granulite hornfels is used here to emphasize the requirement for two pyroxenes in the mineral assemblage. Classic granulite hornfels have equidimensional grains of plagioclase and pyroxene that are subequal in size, reflective of complete recrystallization ( Figure 3b ). Typical granulite hornfels have undergone somewhat less complete recrystallization, such that plagioclase is tabular and slightly coarser grained than associated pyroxene, pyroxene forms discrete grains or aggregates of grains, and the oxide phases occur as inclusions in clinopyroxene or as discrete grains (Figures S1c and S1d). In both the classic and typical granulite hornfels, brown (prograde) amphibole occurs as a minor phase that may be interstitial, poikiolitic with plagioclase and/or clinopyroxene inclusions, or rim pyroxene.
The second, somewhat lower grade, rock type that makes up contact aureoles is hornblende hornfels, comprised of amphibole + plagioclase + clinopyroxene + quartz + ilmenite + magnetite. Textures in hornblende hornfels are far more heterogeneous than those of granulite hornfels (Figures S1e and S1f). At one end of the spectrum, they are texturally similar to the typical granulite hornfels but lack orthopyroxene, and at the other end, <50% of the sample has been recrystallized during prograde metamorphism (i.e., some original diabasic textures are preserved). Prograde brown amphibole may be interstitial, poikiolitic with plagioclase and/or igneous or metamorphic clinopyroxene inclusions, or rim pyroxene. A prograde origin is supported by the observation that granular brown amphibole rims clots of fibrous amphibole replacing clinopyroxene, suggesting formation by recrystallization of fibrous amphibole (see Figure 4b , Gillis & Roberts, 1999) . It may also be noted that fibrous amphibole is the dominant texture in the lower dikes. The least recrystallized hornblende hornfels share many features of the hydrothermally altered dikes that have not been thermally metamorphosed (i.e., the protoliths). A key distinction is the presence of prograde metamorphic clinopyroxene in the hornblende hornfels, identified on the basis of being texturally clear (e.g., lacking inclusions) and compositionally depleted in minor elements (Al 2 O 3 , TiO 2 , and Cr 2 O 3 ; e.g., Manning & Bird, 1986) . The preservation of some relict retrograde hydrothermal minerals in the hornblende hornfels is readily explained as they typically comprise the outer boundary of the aureole, where the rocks are less indurated and thus, more permeable, and temperatures were lower.
A well-exposed contact aureole in the Troodos ophiolite (Gillis & Roberts, 1999 ; supporting information Text S1; supporting information Figure S2 ) provides insight into the distribution of lithologies across a contact aureole in one location. Granulite hornfels make up the lower 50% of the aureole and hornblende hornfels the upper 50%, consistent with higher recrystallization temperatures closer to the underlying plutonic rocks that acted as a heat source (paleomagma chamber; see below). The margins of the aureole have predictable textures, such that classic granulite hornfels are restricted to within 2-4 m of the intrusive contact and hornblende hornfels with the lowest degree of recrystallization mark the upper margin against the background dikes. In between, the aureole is heterogeneous with the degree of recrystallization, mineral textures (e.g., discrete grains or aggregates of pyroxene), and specific mineral assemblages (e.g., presence or absence of amphibole or quartz) varying on a scale of millimeters to decimeters. To some extent, this must reflect heterogeneity in the protolith (e.g., % hydrous minerals), as well as evolving conditions (e.g., H 2 O activity).
Insight into the spatial variability in the conditions in the CBL comes from comparison of the lithologies observed in different study areas along with the peak metamorphic temperatures (see below). In the Oman ophiolite, two of the three studied areas lack granulite hornfels and at Hole 1256D hornblende hornfels have not been identified, although some granoblastic samples lacking orthopyroxene may be equivalent (France et al., 2009; Koepke et al., 2008) . These variations, while not robust in terms of number of locations, suggest that CBLs may not achieve the same peak conditions everywhere, although we cannot rule out the possibility that these variations reflect different protolith compositions and/or incomplete sampling in some areas.
In all locations, the hornfels are overprinted by later retrograde metamorphism. The amphibolite to greenschist facies assemblages formed during this retrograde metamorphism are typical of those found in associated dikes and gabbroic rocks from each area. The extent of this overprint varies from <5% (e.g., Troodos ophiolite, Hess Deep) to >20% (e.g., Oman ophiolite, Pito Deep, Hole 1256D). This partial overprinting of the prograde metamorphic assemblages developed as the CBLs cooled sufficiently to allow for cracking and ingress of lower temperature hydrothermal fluids. The record of this retrograde metamorphism demonstrates that the rocks were not subsequently reheated; that is, the rocks were no longer part of a CBL as this portion of the crust reached the off-axis edge of the AML or the AML and hence magmahydrothermal boundary deepened.
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Association of Granulite Hornfels With Felsic Lithologies: The CBL Partially Melts
The close spatial association of the hornfels and felsic lithologies in many of the study areas (Troodos and Oman ophiolites, Hole 1256D) suggests that CBLs partially melt and that this is a common process (e.g., France et al., 2009; Gillis & Coogan, 2002; Zhang, Koepke, France, & Godard, 2017) . Average peak metamorphic temperatures (see below) are higher than wet basalt solidus temperatures (~850°to <940°C at 0.1 to 0.2 GPa, e.g., Beard & Lofgren, 1991; Erdmann et al., 2015; France et al., 2010) , conditions that could induce partial melting as prograde metamorphism releases water into the system. Comparison of the mineralogy and geochemistry of the natural rocks (felsic lithologies, granulite hornfels) with the products of partial melting experiments suggests that, at least in some cases, the granulite assemblage is the solid residue of partial melting of the hydrothermally altered dikes that produced the felsic melt (e.g., Beard & Lofgren, 1991; Erdmann et al., 2015; France et al., 2010 France et al., , 2014 Gillis & Coogan, 2002) . Modeling of the chemistry of felsic rocks found in the Troodos ophiolite aureole suggests on average~30% disequilibrium partial melting of the basaltic protolith (Gillis & Coogan, 2002) , whereas somewhat lower extents (≤10%) are suggested for samples from the 1256D aureole (France et al., 2013; Zhang, Koepke, France, & Godard, 2017) .
Mineral and Fluid Inclusion Compositions
Most of the phases in both hornfels types may have a metamorphic or igneous origin, and hence, the above discussion relies somewhat on identifying the origin of the different phases. Major and minor element contents can be used to confirm the metamorphic origin of the pyroxenes and plagioclase (e.g., France et al., 2009; Gillis, 2008; Koepke et al., 2008; Manning & Bird, 1986 ), whereas textures and major and trace element contents are used to assess the origin of amphibole (e.g., Gillis & Coogan, 2002) . It is necessary to discuss the origin of amphibole in more detail than the other phases because it may crystallize from a melt, or be formed during either prograde or retrograde metamorphism. Textures combined with trace element data provide the best constraints to distinguish between igneous and metamorphic origins. This is because the lithophile trace element content of a seawater-derived fluid is significantly (orders of magnitude) less than that of a melt formed by either partial melting of the aureole or late stage crystallization of the AML (e.g., Coogan et al., 2001) . In some granulite hornfels from the Troodos ophiolite, trace element contents of some brown granular groundmass amphibole indicate crystallization from trapped melt (Gillis & Coogan, 2002) . In other granulite hornfels from the Troodos and Oman ophiolites, and Pito Deep, brown granular amphibole rimming pyroxene or forming poikiloblasts are interpreted as part of the peak or near peak metamorphic assemblage (France et al., 2009; Gillis, 2008; Gillis & Roberts, 1999) . In IODP Hole 1256D, Koepke et al. (2008) do not include amphibole in the peak metamorphic assemblage as it apparently formed at lower temperatures than coexisting pyroxenes; however, as discussed below, this temperature difference is probably an artifact of the amphibole thermometry (see section 3.1).
A record of the behavior of volatiles in the AML is preserved in hydrous mineral compositions and fluid inclusions in the upper plutonics. Boron systematics in magmatic amphibole from Hess Deep suggest that magma degassing occurs during the latter stages of AML crystallization (Gillis et al., 2003) . Evidence for degassing is also recorded in magmatic apatite from Hess Deep (Gillis et al., 2003) , Oman (supporting information Figure S3 ), and ODP Hole 1256D (Zhang, Koepke, Albrecht, et al., 2017) , which show a negative correlation between their Cl and F contents, with more Cl-rich apatite being hosted in less evolved lithologies (gabbros) than F-rich apatite (tonalities). While Cl-systematics are complicated, one interpretation of this trend is that Cl is partitioned into the fluid phase as magmas crystallize and degas, thus increasing the F/Cl in the residual magma and hence later stage apatite (Gillis et al., 2003) . Fluid inclusions hosted in evolved plutonic rocks from four of the field areas also show that magmatic fluids are exsolved as supercritical brines, or vapors + brines (Alt et al., 2010; Juteau et al., 2000; Kelley et al., 1992; Kelley & Malpas, 1996; Nehlig, 1991) . Similarly, fluid inclusions hosted in felsic lithologies near the dike-gabbro boundary suggest the presence of brines (Alt et al., 2010; Gillis & Roberts, 1999) . Phase relations for the brines hosted in the Platanistasa contact aureole (Troodos ophiolite) constrain trapping pressures to be~0.1 GPa, that is, lithostatic conditions (Gillis & Roberts, 1999) .
The presence of brine at the base of hydrothermal systems, perhaps forming a basal layer (e.g., Bischoff & Rosenbauer, 1989; Lowell & Germanovich, 1997) or being segregated in small fissures and dead ends (Fontaine & Wilcock, 2006) , has been hypothesized to explain salinity variations in seafloor hydrothermal vent fluids. Such brines result from phase separation of seawater-derived fluids, with the brine and vapor 10.1029/2018GC007878 being physically separated (at least temporally) by a variety of processes. If a brine layer exists at the base of the hydrothermal system it could have significant implications for the heat transport from the magmatic to hydrothermal systems. However, fluid inclusions hosted in the contact aureoles do not lend support to the existence of a brine layer, as the observed brines are restricted to the volumetrically small felsic igneous lithologies. Dikes from the field areas do host fluid inclusions with higher than seawater salinities (up to 10 wt%, mostly ≤6%), but there are insufficient data to evaluate if there are systematic spatial patterns in salinity (Alt et al., 2010; Gillis, 2002; Heft et al., 2008; Nehlig et al., 1994; Saccocia & Gillis, 1995) . Hence, while this is an important problem, the geological record thus far cannot definitively test the hypotheses regarding the role of brine formation.
Thermal Constraints
In this section, we first evaluate the various geothermometers that have been applied to determine metamorphic temperatures in CBLs (section 3.1. which can be skipped by nonpetrologists). We then compile an internally consistent set of metamorphic temperatures for the different study areas and show that the average recrystallization temperatures for granulite and hornblende hornfels are 930°± 59°C (1σ) and 851°± 58°C (1σ) (after correcting for composition, see below), respectively.
Thermometry Methods
Before presenting an analysis of new and published data, three thermometers that have been used to determine temperatures of recrystallization within the CBL are evaluated: the two-pyroxene thermometers of Andersen et al. (1993; QUILF) and Brey and Köhler (1990) and the amphibole-plagioclase thermometers of Holland and Blundy (1994) . Some studies of oceanic hornfels include temperatures derived using the Ernst and Liu (1998) semiquantitative Ti-in-amphibole thermometer (e.g., Alt et al., 2010) ; because these data are not comparable to quantitative temperatures derived from other thermometers, they are not discussed here. Likewise, the Al-in-clinopyroxene thermometer of France et al. (2010) is not considered because of both the lack of a theoretical basis for this thermometer, and the difference in a(SiO 2 ) between the natural samples (commonly quartz bearing) and the experiments this is calibrated on (some olivine bearing), which must affect the tschermak component of clinopyroxene. For our analysis of the thermometers we use temperature data for all of the study sites calculated using new and published data or, if the mineral data was not provided in a publication, temperatures were compiled if sufficient information was provided about assumptions made in the calculations.
Temperatures for the granulite hornfels calculated using two-pyroxene (clinopyroxene-orthopyroxene) assemblages are evaluated first. Overall, the metamorphic temperatures derived using the Brey and Köhler thermometer are on average~100°( ±50°C, 1σ) lower than those derived using the QUILF thermometer (Figure 4a ). The Brey and Köhler thermometer was developed for rocks with significantly higher bulk Mg#s (Mg/Mg + Fe 2+ > 0.80) than are typical for hornfels (~0.40 to 0.65). Hence, the impact of bulk composition on calculated temperatures is evaluated using clinopyroxene Mg# as a proxy for bulk composition (Figure 4b ). There is a broad negative correlation between the temperature difference between the QUILF and Brey and Köhler thermometers and clinopyroxene Mg# (Figure 4b ). These thermometers give similar temperatures where the clinopyroxene Mg# is within the range of the Brey and Köhler (1990) calibration but diverge at the lower Mg#s typical of oceanic hornfels. Based on this, we consider the QUILF thermometer to be better suited for studies of oceanic hornfels.
Temperatures derived using the QUILF two-pyroxene thermometer (Andersen et al., 1993) are next compared to temperatures derived from the amphibole-plagioclase thermometer of Holland and Blundy (1994) . For this to have meaning, we only use temperatures derived for amphibole interpreted to have formed during peak metamorphic conditions, that is, granular, brown groundmass amphibole that texturally appears to be cogenetic with the two-pyroxene assemblages. Amphibole can form over a wide range of temperature (e.g., Liou et al., 1974) ; hence, we add a second filter and use an average of the three highest temperatures obtained using the amphibole-plagioclase thermometer to identify the peak amphibole temperature. The choice of three is arbitrary and if less than three temperatures are available that meet the peak amphibole criteria we use an average of <3. The hornfels data show that the difference in calculated temperature (ΔT) between the amphiboleplagioclase and QUILF thermometers for a given sample is dependent upon the Mg# (Mg/Mg + Fe 2+ ) of the amphibole ( Figure 5 ). This means that calculated temperatures for amphiboles with intermediate Mg#s (≤0.65) are within ±40°C of the calculated QUILF temperatures (i.e., within uncertainties), whereas for amphibole with higher Mg#s (>0.7), amphibole temperatures may be up to 120°C lower than QUILF temperatures ( Figure 5 ). This type of compositional dependency for amphibole temperatures was previously noted by Blundy and Cashman (2008) , where they document how calculated and experimental temperatures for amphibole diverge as a function of increasing amphibole Mg#. They suggest that this may be due to nonideal interaction between Fe 2+ and Mg on the M sites that is not accounted for by the amphibole-plagioclase thermometer. Thus, to compare the peak temperatures for amphibole and granulite hornfels, a correction is applied to the amphibole-plagioclase-derived temperatures based on the correlation shown in Figure 5 .
In summary, analysis of the three thermometers that have previously been used to study the temperature conditions within the CBL identify problems with their application to the oceanic hornfels collection, making absolute temperatures less well constrained than is optimal. Nevertheless, using an internally consistent approach allows relative temperature differences between samples to be constrained, providing a useful dataset with which to investigate the thermal evolution of the CBL. To this end, we use the QUILF twopyroxene thermometer, because it is more appropriate for compositions and expected temperatures (~800-1000°C) of the granulites, alongside the amphibole-plagioclase thermometers of Holland and Blundy (1994) with a correction to a constant amphibole Mg# (0.65) to make these temperatures internally consistent with the two-pyroxene temperatures ( Figure 5 ).
Peak Temperatures
The recrystallization temperatures recorded by the pyroxene assemblage in the granulite hornfels (Figure 6a ) have an average of 930 ± 59°C (1σ). No significance is attributed to differences between locations because temperatures within contact aureoles vary depending on their proximity to the heat source and country rock temperatures and, with the exception of the Livadia transect (see section 4 and supporting information Text S1 and Figure S2 ), these positions are not precisely known for the granulite hornfels suites. The amphibole-plagioclase assemblage in the granulite hornfels records slightly lower recrystallization temperatures, with an average of 896 ± 49°C (using the compositional correction in Figures 5, or 845°± 62°C [1σ] without this) because the granulite hornfels recording the highest two-pyroxene temperatures lack amphibole.
The peak temperatures recorded by the hornblende hornfels are shown in Figure 6b . Overall, there is a normal distribution with an average temperature of 851°± 58°C (using the compositional correction Figure 5 . The difference between average equilibration temperatures calculated using QUILF (Andersen et al., 1993) and the amphibole-plagioclase (Holland & Blundy, 1994) thermometer (edenite-tremolite) as a function of amphibole Mg#. Amphibole Mg# (Mg/(Fe 2+ + Mg)) was calculated using the stoichiometry of Holland and Blundy (1994) . To produce an internally consistent data set, the correlation of ΔT and Mg# is used to correct all amphibole-plagioclase derived equilibration temperatures to match QUILF temperatures. Temperatures calculated using Holland and Blundy (1994) may be corrected for the compositional dependency of the thermometer: T corrected = T H&B + (652.16Mg# amp ) À 423. Data from Troodos, Oman, and Pito Deep are used to define this relationship; see Figure 6 for data sources. Data from Hole 1256D were not included because individual amphibole compositions are required for this analysis and average compositions are reported .
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from Figures 5, or 807°± 46°C [1σ] without this). The lower temperatures in the hornblende than granulite hornfels is, of course, expected given the difference in mineralogy and that the hornblende hornfels form further from the igneous intrusive contact, that is, the heat source.
Both granulite and hornblende hornfels contain retrograde amphibole, interpreted to have formed after peak metamorphism when brittle deformation allowed fluid ingress into the contact aureole as the system cooled. Calculated temperatures for these amphiboles extend from the lower range of hornblende hornfels (~800°C; Figure 6 ) to the lower limit of the thermometer (400°C; e.g., Alt et al., 2010; Gillis & Roberts, 1999) . This reflects the broad temperature stability field for amphibole in hydrous metabasites (e.g., Liou et al., 1974) .
Temperature Gradients and Heat Fluxes Across the CBL
A well-exposed section of the Platanistasa contact aureole (Troodos ophiolite) was sampled in detail in the Livadia area as part of this study (supporting information Figure S2 ). Thermometric data for the Livadia transect allows us to examine the paleotemperature profile across a paleo-CBL. Average peak temperatures recorded in the granulite hornfels at Livadia (907 ± 27°C) overlap the average peak temperatures in the broader Platanistasa region (957 ± 40°C; Gillis & Roberts, 1999) , confirming the representativeness of this area. The peak temperatures along the Livadia transect decrease systematically with height above the underlying gabbros (Figure 7 ). Taken at face value these data suggest a paleothermal gradient (dT/dz) of 4.2 ± 0.5°C/m. A similar thermal gradient (3°C/m) has been proposed for Hole 1256D , although it is far less well constrained due to the low recovery of this unit and uncertainty about whether some hornfels in this core are xenoliths rather than part of the CBL (France et al., 2009) . Moreover, while this study reported temperatures constrained using four different thermometers, the specific thermometer or combinations of thermometers used to calculate the thermal gradient is not provided, meaning it is not possible to assess uncertainties. Hence, we focus here on the well constrained Livadia paleothermal gradient. Taking the Livadia data at face value, we can calculate the heat flux (Q) across the CBL at Livadia using Fourier's law, such that Q = ÀK (dT/dz), where K is the thermal conductivity (2 W m À1 K À1 ) and dT/dz is the thermal gradient in the CBL. Using the calculated thermal gradients from the Livadia contact aureole, the heat flux was 7.6 to 9.4 W/m 2 or 7.6 to 9.4 MW/km along axis assuming a 1-km-wide AML.
Before comparing the heat flux predicted by the measured thermal gradient in Livadia with other heat flux estimates, it is important to consider what this gradient in metamorphic temperature means. The temperature gradient determined from the raw data implicitly assumes the rocks reached their peak temperature at the same time. This is likely to be a reasonable assumption only for samples from the base of the system, closest to the heat source. Samples further from the heat source may well increase in temperature as the system dies because this will be associated with thickening of the CBL. To illustrate this point, we consider the thermal evolution of the rocks that make up a CBL beneath a vigorous blacksmoker system assuming the magmatic and hydrothermal systems instantaneously shut down. Seafloor heat flow studies suggest that when active, such a system has a heat flux across the CBL of the order of~100 W/m 2 (e.g., Lowell et al., 2013) , requiring a~12-m thick (Alt et al., 2010; France et al., 2009; Koepke et al., 2008; average ± 1σ ; n = number of analyses, N = number of samples; new data: supporting information Data Set S1). Data from Koepke and Goetze (2015) were not included as their samples were largely cobbles recovered from external junk baskets and only sample averages were provided. The reported uncertainty for the QUILF (Andersen et al., 1993) thermometer is ±40°C. (b) Histogram of peak amphibole-plagioclase equilibration temperatures for hornblende hornfels by area. Average of all data: 851 ± 58°C (using the compositional correction in Figures 5 , or 807 ± 46°C
[1σ] without this). By area: Troodos: 874 ± 47°C, n = 22, N = 9 (this study; Gillis & Roberts, 1999; Gillis & Coogan, 2002) ; Pito Deep: 795 ± 40°C, n = 9, N = 2 (this study, Gillis, 2008 ; new data: supporting information Data Set S2). See text for criteria for identifying peak temperature. The reported uncertainty for the Holland and Blundy (1994) thermometer is ±40°C.
CBL assuming a magma temperature of 1100°C, a hydrothermal temperature of 500°C, and a thermal conductivity of 2 W m À1 K
À1
. If such a system shuts down instantaneously, and heat transport is solely by conduction, the rocks that make up the lower half (6 m) of the CBL during the active stage would cool and hence the peak metamorphic temperature recorded in the rocks would be the temperature when the rocks were part of an active, high heat flux CBL. In contrast, rocks in the upper half of the relic CBL would initially heat up as heat was conducted upward into them-hence the peak metamorphic temperatures recorded in these rocks (~800-850°C) would be higher than the temperature the rocks were at when they were part of an active highheat flux CBL (~500°C). This means the temperature gradient recorded by the peak metamorphic temperatures would be less than that when the system was powering a vigorous hydrothermal system. Of course, this endmember scenario is not realistic, and the exact thermal evolution of a CBL as the system wanes will differ depending on numerous factors. However, it illustrates the concept that thermal relaxation as the power output across the CBL wanes will lead to the peak temperatures in the rock record underestimating the temperature gradient and hence peak heat flux.
We now compare the heat flux calculated for the Livadia contact aureole to theoretical predictions for the steady state heat flux that results from magmatic construction (e.g., Cannat et al., 2004; Wilcock & Delaney, 1996) :
where h is the thickness of the lower crust (3,000-4,000 m), s is spreading rate (1.6 to 4.7 × 10 À9 m/s; 5-15 cm/year), ρ is density of basalt (2,800 kg/m 3 ), L is the latent heat of crystallization (420-500 kJ/kg), c is the specific heat capacity of the lower crust (1,400-1,600 J kg À1 C À1 ), and T l (1250-1200°C) and T s (1040°C) are liquidus and solidus temperatures, respectively (input from: Cannat et al., 2004; Liu & Lowell, 2009) . We assume that the lower crust is not entirely solidified on axis (solid fraction~0.9 to 0.95) and that the heat of lower crustal accretion is lost through the roof of the AML, thus providing an upper limit of the heat flux through the CBL. This yields a steady state heat flux out of the AML of 8 to 26 MW/km, assuming an AML width of 1 km (equivalent to a temperature gradient of 4-13°C/m; Figure 8 ). The minimum heat flux recorded in the Livadia paleo-CBL falls within this range, but at the lower end, consistent with the suggestion that fossil temperature gradients are minima. Heat extraction from a larger area would also lead to a lower thermal gradient in the CBL, but seismic data do not suggest the AML roof is much wider than 1 km.
The heat fluxes calculated for the Livadia paleo-CBL, and those predicted for steady state crustal accretion, are about an order of magnitude smaller than estimates of the heat output from hydrothermal vent fields (Figure 8 ). For example, heat flux values for active vent fields along the northern EPR and Juan de Fuca ridge range from 100-500 MW/km (see summary in Lowell et al., 2013) . While there are significant uncertainties associated with comparing these kinds of disparate data, these differences in heat flux appear to be too large to be simply due to uncertainties in the methodologies. Instead, the much higher heat fluxes for the active vent sites suggest they are associated with ephemeral conditions when the CBL is thin, with very steep thermal gradients (50-250°C/m), likely associated with magmatic replenishment, rather than reflective of steady state conditions (e.g., Liu & Lowell, 2009; Lowell et al., 2013; Wilcock et al., 2009) . Indeed, these estimates come from study areas selected specifically for having abundant high temperature seafloor hydrothermal activity. . Peak metamorphic temperature versus height above the intrusive contact along the Livadia transect, located within the Platanistasa regional contact aureole. Amphibole-plagioclase temperatures were corrected for the compositional dependency of the Holland and Blundy (1994) thermometer using the relationship shown in Figure 5 to make them internally consistent with the QUILF thermometry; uncorrected amphibole temperatures are shown in gray for comparison. Error bars show the standard deviation (1σ) for all data for the two-pyroxene thermometer and standard deviation (1σ) of the highest ≤3 temperatures for the amphibole-plagioclase thermometer (see text for details).
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Geochemistry, Geophysics, Geosystems
Evolution of the CBL
The geological constraints on the CBL reviewed in the previous sections are discussed here from bottom-to-top in the context of seismic, heat flow, and vent fluid observations from modern systems. The data all point to CBLs being dynamic with rapidly changing thermal and rheological conditions. Active blacksmoker systems are powered only by one end-member style of CBL (thin with a steep thermal gradient), but these conditions are transient and are not the normal state of ridge segments (Figure 9 ).
The Base of the CBL: Thinning From below
The existence of a magma body at the base of the CBL along intermediateto fast-spreading ridges leads to high-temperature prograde metamorphism of the base of the overlying sheeted dikes as evidenced by the contact aureoles described above. The granulite hornfels found in the lower half of the aureoles provide evidence for very high temperatures at the base of CBLs (~930°C) and lithostatic pressures (~0.1 GPa). At these conditions the rocks are ductile, as evidenced by the swirly dike margins (Figure 2c ), and as expected based on experiments conducted under these P-T conditions and extrapolated to natural strain rates for tectonic spreading (e.g., Hirth et al., 1998; Violay et al., 2012; Violay et al., 2015) . This leads to a nearly impermeable base to the CBL. . Schematic illustration of the magma-hydrothermal transition showing how the thickness and character of the conductive boundary layer (CBL) change in time and space (horizontal axis) in response to changing magma supply rates (red arrows). The CBL is thick when the magma supply is relatively slow (red small arrows), leading to low seafloor heat fluxes, reflecting less vigorous hydrothermal flow (blue dashed lines). The CBL thins from below as the axial magma lens (AML) shallows in response to periods of enhanced magma supply (red large arrow); the base of the CBL partial melts and disaggregates, leading to xenoliths being stoped into the AML. The CBL may also thin from above by ephemeral cracking (red stars) due, for example, to magma sill inflation or thermal stresses. CBL thinning temporally increases the seafloor heat output, invigorating hydrothermal fluid flow (blue solid lines) and creating or reinvigorating high temperature hydrothermal vent sites. There is limited exchange of fluids across the top of the CBL and the dike-hosted hydrothermal system (white dashed arrows). The relative fraction of thin versus thick CBLs in time and space is not well constrained, however, thicker CBLs are expected to be the more common state. Vertical axis is not to scale.
The common occurrence of xenoliths in the uppermost plutonics (Figure 2f) , and the overenrichment of Cl in lavas (section 2.2) provides strong evidence that the CBL is thinned from below by stoping blocks off its base and assimilating them into the AML. This process is probably aided by partial melting of the CBL as evidenced by felsic bodies within the lower part of the CBL (section 2.3.3). Partial melting acts as a (local) heat sink (the latent heat of fusion) and must weaken the rocks, facilitating disaggregation of the base of the CBL and hence stoping. Melt fractions of~30%-40% are sufficient to make rocks behave more like a liquid than a solid (e.g., Rushmer, 1996; Vigneresse et al., 1996) and even lower melt fractions can dramatically weaken rocks (e.g., Rosenberg & Handy, 2005) . Thus, as the rocks partially melt, it is likely that they will disaggregate and blocks will be entrained into the underlying magma with their position being taken by magma-that is, the roof of the AML will move upward thinning the CBL (Figure 9 ). The partial melting and disaggregation of the CBL relies on the magmatic heat flux being sufficient to sustain this process, which will generally require frequent replenishment (e.g., Liu & Lowell, 2009; Wilcock et al., 2009) . During times when the magmatic heat flux is sufficient for disaggregation of the base of the CBL to occur, this process will efficiently keep the CBL thin leading to high heat fluxes across the CBL into the overlying hydrothermal system. In this model the peak temperatures recorded by rocks in the base of paleo-CBLs reflect the maximum temperature the CBL can reach before it is broken apart. This mechanism of CBL thinning will be aseismic and can only be sustained while magma supply rates are higher than those required for steady state crustal accretion and thus during short-lived episodes.
Despite the very high temperatures recorded by rocks from the base of paleo-CBLs (Figures 6 and 7) , and evidence they behave in a ductile manner under some conditions (Figure 2c ), the occurrence of felsic veins indicates that they can also behave in a brittle manner. Additionally, the base of the CBL must fracture for dikes to be emplaced. High strain rates, for example, due to magma replenishment or magmatic volatile exsolution can fracture the base of the CBL. Such fracturing events will allow direct transfer of mass from the AML into the hydrothermal system (e.g., magmatic volatiles and metal species carried with them). Evidence for direct transfer of magmatic volatiles into the hydrothermal system comes both from observations of vent fluid being enriched in magmatic components (e.g., CO 2 and He) following subsurface magmatic events (Lilley et al., 2003; Seyfried et al., 2003; Von Damm & Lilley, 2004) and the composition of minerals in the uppermost plutonics (Section 2.4).
Variable Temperature Gradients Across the CBL
The temperature gradient across the CBL controls the heat flux from the magmatic system into hydrothermal fluids. Data from numerous sources provide compelling evidence that the CBL thickness is spatially and temporally variable leading to temporal and spatial variability in hydrothermal fluxes. At one end-member, estimates of the heat fluxes out of vent fields suggest heat fluxes of roughly 100-500 MW/km along axis (Lowell et al., 2013) , which requires temperature gradients in the CBL of 50-250°C/m (Figure 8 ). Such steep thermal gradients, and hence thin boundary layers (~2 to 10 m; Lowell & Germanovich, 2004) , would be inherently unstable, and these high heat fluxes could only be maintained by continually disaggregating the base of the CBL through partial melting and stoping. In turn, frequent replenishment is required to fuel this process (e.g., Liu & Lowell, 2009 ). Because such high heat fluxes are substantially greater than the steady state heat flux (Figure 8 ), black smokers with such high power output can only be present for a small fraction of the life cycle of a crustal section. Evidence that thicker CBLs, and hence lower heat fluxes into the hydrothermal system, are more the common state of ridge segments comes from several lines of evidence. First, simple thermal balance arguments (section 4) suggest that steady state temperature gradients in the CBL are <20°C/m and generally substantially less than this (i.e., a CBL >30-m thick for a 600°C temperature drop; Figure 8 ). Since some fraction of heat is lost during times when the CBL is thin, and high power output black smoker systems are operating, the CBL must be even thicker than this at other times ( Figure 9 ). Second, lower thermal gradients during typical conditions are also consistent with observations from the Livadia contact aureole (Figure 7) . Finally, large variations in the thickness of the high seismic velocity region immediately above the AML (up to~200 m), and variations in how close to the roof of the AML microseismicity occurs, are both consistent with variations in the thickness of the CBL (Arnoux et al., 2017; Marjanovic et al., 2017; Singh et al., 1999; Weekly et al., 2014) . Overall, the data suggest that systems evolve from thin CBLs when replenishment is frequent to thicker CBLs when replenishment is less frequent (Figure 9 ).
10.1029/2018GC007878
Black smoker systems, where estimates of ridge axis hydrothermal power outputs come from, are generally found by identifying regions with water column signatures of hydrothermal activity and zooming in on these (e.g., Baker et al., 2016) . Hence, it should be expected that the hydrothermal heat flux from these regions is greater than the steady state heat flux. This suggests that active hydrothermal systems are not representative of the common state of ridge segments. If correct, this raises a question of how representative global estimates of properties such as chemical fluxes from hydrothermal vents are, when the vast majority of such data comes from these transient systems. Whether normal hydrothermal conditions, with thicker CBLs and smaller hydrothermal heat fluxes, lead to substantially different element/heat fluxes needs careful consideration.
The Top of the CBL
The geological relationships at the top of the CBL, with the outcrops becoming progressively more fractured and the rocks gradually less recrystallized upward, suggest that this is a gradational boundary. Amphibole veins within the CBL indicate it can fracture and seawater-derived fluids penetrate down into it from above at temperatures ≥700°C (Gillis & Roberts, 1999) . Further evidence of fracturing in the CBL comes from microseismicity, which appears to extend into some high seismic velocity regions above AMLs that are interpreted to be a CBL (Tolstoy et al., 2008; Waldhauser & Tolstoy, 2011; Wilcock et al., 2009 ). The driving mechanisms for fracturing could be internal to the CBL, for example, related to increases in pore fluid pressures due to devolatilization reactions and/or hydrous partial melting (e.g., Dutrow & Norton, 1995; Hanson, 1995) . Additionally, thermal stresses within the dikes (e.g., Sohn et al., 1999) , or related to magma sill inflation events (Wilcock et al., 2009) , could lead to fracturing of the CBL from above. The fluids that penetrate into the CBL from above when it cracks would probably transport a negligible amount of heat back into the overlying hydrothermal cell (Figure 9 ). However, it is less clear whether these fluids would have sufficiently different compositions to fluids that react at~400°C (i.e., dike-hosted fluids) so as to be an important mixing end-member in the overlying hydrothermal fluids.
A number of studies have suggested that the CBL thickens upward into the dikes through precipitation of hydrothermal minerals filling pore space (e.g., Arnoux et al., 2017; Wilcock & Delaney, 1996) . Although the relationships between seismic velocity, porosity, and permeability are complex (e.g., Carlson, 2014) , the variation in Vp in the roof zone of the AML along the Juan de Fuca ridge of~1 km/s would seem to be too large to be explained simply by mineral precipitation. There is no evidence in the lower dikes of the ophiolites discussed here for large amounts of pore space being filled with secondary phases and so unless anhydrite precipitation, and subsequent dissolution, is called on it seems unlikely that clogging of pore space by secondary mineral precipitation has a large effect on permeability or seismic velocity. Alternative explanations for higher velocities in some areas above the AML include that these could be relic CBLs, composed of hornfelsic rocks with low permeabilities, or they could be plutonic rocks plated to the roof of the AML during times of waning magma supply. Indeed, these regions could be the geological record of fluctuations in the depth of AMLs along ridge segments on short length scales that have been documented along intermediate-to fast-spreading ridges.
